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Abstract 
This paper investigates the thermal degradation of eight linear amines loaded with CO2 and H+. The degradation rate 
of these amines tends to decrease with chain length. Hexamethylenediamine, the diamine with the longest chain, 
was found to be the most thermally resistant of the eight amines under CO2 loading. Putrescine was the only amine 
under acid loading that was not thermally stable, suggesting that the reaction mechanism is initiated by H+. 
Ethylenediamine, 2-(2-aminoethoxy)ethanamine, hexamethylenediamine, and Diglycolamine® reach a 
thermodynamic equilibrium with their degradation products. Ethylenediamine was also found to be the most 
corrosive amine tested. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Thermal solvent degradation is important when selecting an appropriate amine for a carbon capture system. 
Solvents resistant to thermal degradation can be used at higher temperatures and consequently higher energy 
efficiency. It is necessary to understand the rate kinetics and associated mechanisms involved with thermal 
degradation to determine how an amine solvent will behave over time when subjected to high temperatures in the 
stripper. The purpose of this study is to present and analyze rate data of the thermal degradation of selected amines. 
This paper also investigates thermally induced corrosion and its connection to formate generation. 
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The amines in this study belong to two functional groups: linear diamines, which contain two amino groups, and 
linear alkanolamines, which contain an amino group and a hydroxyl group. Amines with variable carbon chain 
lengths were selected to establish the effect of chain length on degradation rate. This paper examines the following 
linear amines: 1,2-diaminoethane (EDA), propane-1,3-diamine (PDA), and butane-1,4-diamine (DAB), 2-(2-
aminoethoxy)ethanamine (BAE), hexane-1,6-diamine (HMDA), 2-aminoethanol (MEA), 2-aminopropanol (MPA), 
and 2-(2-aminoethoxy)ethanol (DGA®). These compounds and their structures are listed in Table 1. 
Table 1. List of amines examined 
Amine Name Abbreviation Amine Structure 
 
1,2-diaminoethane 
 
EDA 
 
 
propane-1,3-diamine 
 
PDA 
 
 
butane-1,4-diamine / putrescine 
 
DAB 
 
 
2-(2-aminoethoxy)ethanamine 
 
BAE 
 
 
hexane-1,6-diamine 
 
HMDA 
 
 
2-aminoethanol 
 
MEA 
 
 
3-aminopropanol 
 
MPA 
 
 
2-(2-aminoethoxy)ethanol 
 
DGA® 
 
 
Some studies in the literature discuss the mechanisms of diamine and alkanolamine degradation. Work by Davis 
suggests that MEA degrades by a rate-limiting ring-closing reaction of the carbamate to form 2-oxazolidone[1]: 
 
 
 
 
 
 
Fig. 1. MEA carbamate ring-closes to form 2-Oxazolidone 
 
Work by Zhao predicts analogous rate-limiting steps for the degradation of EDA and PDA to form cyclic ureas 
[2]: 
 
 
 
 
 
 
 
Fig. 2. EDA and PDA ring-close to form cyclic ureas. 
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MPA and PDA are expected to form similar cyclic products with stable six-membered rings. Larger molecules 
such as DAB are thought to eliminate the amino group and form a six-membered ring [3]: 
 
 
Fig. 3. Proposed degradation pathway of acidified putrescine to form pyrrolidine. CO2 serves as an acidifying catalyst and not a reactant. 
 
Thermal degradation rate data exist for EDA, DAB and MEA; these literature data are compared with the data 
gathered for this paper in the results section.  
2. Experimental Methods 
The CO2-loaded amine solutions were prepared with an initial amine concentration of 10 m alkalinity and loaded 
with 0.4 mol CO2/mol alkalinity. CO2-loaded HMDA, and all acid-loaded experiments, were prepared with an initial 
amine concentration of 5 m alkalinity. The acid-loaded experiments had an initial loading of 0.2 mol H+/mol 
alkalinity. 4 ml of each CO2-loaded solution and 4.5 ml of each acid-loaded solution was placed inside 3/8” 
Swagelok® stainless steel cylinders with volumes of 4.5 ml. These cylinders were sealed and heated to the given 
temperature (135 °C, 150 °C, or 165 °C) in a convection oven. Cylinders were removed at predetermined intervals 
and promptly cooled in a refrigerator to halt any further thermal degradation.  
After all cylinders had been removed from the oven and refrigerated, they were opened and the contents diluted 
by a factor of 10000 for analysis by cation chromatography (Dionex ICS-2100). Each series of amine was removed 
after 700 to 800 hours of heating. The dissolved products in these diluted samples were separated in a Dionex CS17 
column and the relative quantities of each were plotted in a chromatograph. The concentrations of dissolved 
compounds in the analyzed solutions could be calculated by comparison to a known standard. The analytical and 
experimental techniques are similar to Freeman [4]. Degraded samples of PDA and BAE were heated to around 
60 oC before diluting to melt any remaining solids. 
Formate and metals concentration data were obtained for samples of EDA, PDA, DAB, and BAE degraded in the 
150 oC series. Formate was determined for the first, fourth, and twelfth (last) samples to cover the entire range of 
degradation. These samples were hydrolyzed and subsequently analyzed by anion chromatography to obtain 
concentration data. Metals concentrations were measured for the twelfth, most degraded sample of the series to 
compare the amines in the cylinders in their most corroded state.  
3. Results 
All eight of the listed amines were degraded at 165 °C with a CO2 loading of 0.4. Figures 4 and 5 plot the 
concentrations of these amines over time. 
 
 
NH2
NH2
NH
+ NH3
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Fig. 4. 5 m EDA, 5 m PDA, 5 m DAB, 5 m BAE, and 2.5 m HMDA degraded at 165 °C at 0.4 CO2 loading. BAE appears to reach equilibrium 
with the degradation products. 
 
 
 
Fig. 5. 10 m MEA, 10 m MPA, and 5 m DGA® degraded at 165 °C at 0.4 CO2 loading. DGA® appears to reach equilibrium with the degradation 
products. 
 
DAB, MEA, and MPA follow close exponential fits, suggesting a first-order degradation mechanism. PDA and 
HMDA also appear to follow first-order fits, although to less certainty. DAB, BAE, and DGA® do not show a strong 
first-order reaction rate but are fitted to an exponential trend line for the purpose of comparison. BAE and DGA® 
appear to be reaching equilibrium by the second data point at 24 hours, so the initial rate constants estimated for 
these amines are likely inaccurate. Table 2 lists the first-order rate constants in units of hr-1 of each amine for this 
165 °C experiment and for each successive temperature. 
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Table 2. First-order rate constants (hr-1) for degradation reactions and associated activation energies (kJ/mol). The “eq” header 
indicates that the amine reached equilibrium with its degradation products. Amines are ordered by degradation rate at 165 °C. 
Amine 
165 °C   
(CO2 = 0.4) 
165 °C  
(Acid = 0.2) 
150 °C  
(CO2 = 0.4) 
135 °C   
(CO2 = 0.4) 
Activation 
Energy 
(kJ/mol) 
10 m MEA 0.00956 n/a 0.00270 0.00086 120 
5 m PDA 0.00639 0.00069 0.00147 0.00036 140 
5 m EDA 0.00553 0.00142 0.00287eq 0.00056 eq 110 
5 m DAB 0.00529 0.00457 0.00097 0.00030 140 
5 m BAE 0.00515eq 0.00016 0.00105
eq
 0.00022 eq 160 
10 m MPA 0.00288 n/a 0.00080 0.00019 130 
5 m DGA® 0.00262eq n/a 0.00131
eq
 0.00014 eq 150 
2.5 m HMDA 0.00173 n/a 0.00069
eq
 0.00007 eq 160 
 
 
Structurally analogous amines tend to degrade more slowly as chain length increases, based on the 165 °C data. 
This is consistent across the diamines (EDA degrading the most quickly, HMDA degrading the most slowly) and the 
alkanolamines (MEA degrades the fastest, followed by MPA and then DGA®).  
Figure 6 shows the degradation of EDA, PDA, DAB and BAE at an initial concentration of 0.2 mol H+/mol 
alkalinity. 
 
 
Fig. 6. Amines degraded at 165 °C at 0.2 H+ loading. DAB maintains a similar degradation rate in acid conditions but the other three amines slow 
down significantly. 
 
EDA, PDA, and BAE all degrade much more slowly under acidified conditions. The rate constants are tabulated 
in Table 2. The rate constant for EDA drops from 0.00553 hr-1 to 0.00142 hr-1, for PDA from 0.00639 hr-1 to 
0.00069 hr-1, and for BAE from 0.00515 hr-1 to 0.00016 hr-1. The degradation rate constant of DAB drops much less, 
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from 0.00529 hr-1 to 0.00457 hr-1. This small change compared to the other three amines suggests that DAB 
degrades by some mechanism that does not incorporate CO2 into the final degradation product. This would be 
consistent with the reaction proposed in Figure 3. 
This mechanism involves the protonation of an amino group and subsequent attack on the alpha carbon by the 
other, non-protonated amino group of the DAB molecule. The molecule ring-closes to form pyrrolidine and 
eliminates an ammonia molecule. EDA and PDA do not appear to degrade as significantly under acid loading, and 
more likely follow reactions that combine with CO2 to form a cyclic urea, as in Figure 2. 
BAE hardly degrades at all under acid loading but has too long a chain to form a cyclic urea by the above 
mechanism. 
Figures 7 and 8 plot the degradation of the eight amines at 150 °C at 0.4 loading of CO2.  
 
 
Fig. 7. 5 m EDA, 5 m PDA, 5 m DAB, 5 m BAE, and 2.5 m HMDA degraded at 150 °C at 0.4 CO2 loading. BAE and HMDA appear to reach 
equilibrium with the degradation products. The rate of EDA degradation also appears to slow down significantly by 600 hours.  
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Fig. 8. 10 m MEA, 10 m MPA, and 5 m DGA® degraded at 150 °C at 0.4 CO2 loading. DGA® appears to reach equilibrium with the degradation 
products. 
 
 
BAE and HMDA reach equilibrium at around 100 hours at 150 °C, using more concentration measurements than 
the study at 165 °C and consequently revealing the initial degradation rate behavior in more detail. EDA and PDA 
appear to follow first-order behavior, although the degradation rate of EDA slows down around 300 hours. The rate 
behavior of HMDA and BAE is not as clear, and DAB seems to react by some mechanism greater than first order. 
MEA and MPA follow convincing first-order rate behavior but DGA® appears to equilibrate by 100 hours. The rate 
constants or initial rate constants are listed in Table 2.  
Figures 9 and 10 plot the degradation of the eight amines at 135 °C at a CO2 loading of 0.4. 
 
 
Fig. 9. 5 m EDA, 5 m PDA, 5 m DAB, 5 m BAE, and 2.5 m HMDA degraded at 135 °C at 0.4 CO2 loading.  
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Fig. 10. 10 m MEA, 10 m MPA, and 5 m DGA® degraded at 135 °C at 0.4 CO2 loading. 
 
The degradation trends for all eight amines at 135 °C are generally comparable to the trends at 150 °C. EDA, 
BAE, DGA®, and HMDA all show signs of equilibrium with the degradation products by 500 hours. PDA, MEA, 
and MPA follow first order behavior. DAB again appears to degrade at some rate greater than first order. 
Activation energies were calculated from the degradation rate constants over all three temperatures. This analysis 
gives activation energies of 110 kJ/mol for EDA, 140 kJ/mol for PDA, 140 kJ/mol for DAB, 160 kJ/mol for BAE, 
160 kJ/mol for HMDA, 120 kJ/mol for MEA, 130 kJ/mol for MPA, and 150 kJ/mol for DGA®. These activation 
energies are also listed above in Table 2. Activation energy appears to increase with chain length for a given 
functional group. 
Figure 11 compares the rate constant data of MEA, EDA and DAB with existing data by Davis (MEA), Zhou 
(EDA), and Namjoshi (DAB) [1,2,5].  
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Fig. 11. Degradation rate constants of MEA, EDA, and DAB at 0.4 CO2 loading in six temperatures across four studies. Davis uses 11 m MEA; 
Zhou uses 8 m EDA; Namjoshi uses 8 m DAB; this work uses 10 m MEA, 5 m EDA, and 5 m DAB. 
 
The two data points by Davis measure the degradation rate constants of 11 m MEA at 135 °C and 120 °C with a 
CO2 loading of 0.4. The work by Zhou studied the degradation of 8 m EDA at 135 °C, 120 °C, and 100 °C with a 
CO2 loading of 0.4. The data point from Namjoshi comes from the degradation of 8 m DAB at 175 °C with a 0.4 
CO2 loading. These experiments used different initial concentrations for the amines than used in this paper; 
however, the calculated first-order rate constant is concentration independent so the initial concentration does not 
matter. The recalculated activation energy of MEA is 120 kJ/mol, equal to the original calculation; the recalculated 
EDA activation energy is 110 kJ/mol, also equal to the original calculation; the recalculated DAB activation energy 
is 150 kJ/mol compared with 140 kJ/mol. Assuming that the effect on degradation by molality is minimal, this 
comparison shows relatively consistent data across the three studies. 
It was found that the concentration of formate and dissolved metals increased over time as some amines 
degraded in the metal cylinders. Figure 12 plots the concentration of formate in the samples of EDA, PDA, DAB, 
and BAE as they degrade at 150 °C at 0.4 CO2 loading. 
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Fig. 12. Total formate generation in degraded 5 m EDA, 5 m PDA, 5 m DAB, and 5 m BAE. Samples degraded at 150 °C with CO2 loading of 
0.4. 
 
Figure 13 displays the concentrations of chromium, nickel, manganese, and iron in the last of the degraded 
samples from the 150 °C series (this corresponds to 670 hours of degradation for EDA, PDA, and DAB, and 810 
hours of degradation for BAE).  
 
Fig. 13. Concentration of metals in the twelfth (last) amine sample of 150 °C, 0.4 CO2 loading degradation series. Metals and formate are most 
prominent in EDA. 
 
These two plots reveal a correlation in the concentration of heat-stable salts in solution and the concentration of 
corroded metals. EDA is especially corrosive and generates a large amount of formate while degrading, while DAB 
and PDA contain significantly less formate and metals in the degraded solution. These results have implications in 
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oxidative degradation. Metals are known to catalyze the oxidative degradation of certain amines [6]. It is unknown 
whether the generation of heat-stable salts drives corrosion or if dissolved metals catalyze heat-stable salt formation. 
Describing this relationship may lead to a better understanding of how to identify compounds resistant to corrosion 
and oxidation. 
4. Conclusions 
x Amines tend to be more thermally stable with increasing chain length. At 135 °C, diamine stability increases 
directly from HMDA (most stable) to EDA (least stable). This trend is present at 150 °C and 165 °C, but is not 
perfectly consistent. Alkanolamines behave similarly; MEA is less stable than MPA which is less stable than 
DGA® at 135 °C and 165 °C. The trend is again present at 150 °C but is not completely consistent. 
x The following degradation activation energies were calculated for 0.4 CO2 loading: 10 m MEA = 120 kJ/mol, 5 m 
PDA = 140 kJ/mol, EDA = 110 kJ/mol, 5 m DAB = 140 kJ/mol, 5 m BAE = 160 kJ/mol, 10 m MPA = 130 
kJ/mol, 5 m DGA® = 150 kJ/mol, 2.5 m HMDA = 160 kJ/mol. 
x DAB degrades at roughly the same rate with 0.2 acid loading compared to 0.4 CO2 loading. EDA, PDA and BAE 
degrade significantly more slowly under the acidified conditions. EDA, PDA and BAE therefore require CO2 to 
rapidly degrade at the concerned temperatures; DAB does not. 
x BAE and DGA® consistently reach equilibrium with the degradation products. EDA and HMDA reach 
equilibrium at lower temperatures. At 165 °C, BAE and DGA® concentrations equilibrate after 24 hours. At 
150 °C, BAE, HMDA and DGA® all equilibrate after 100 hours and EDA degradation begins to slow after 300 
hours. EDA, BAE, HMDA, and DGA® degradation also appear to equilibrate after 500 hours at 135 °C. 
x 5 m EDA is the most corrosive amine tested and generates the most formate at 150 °C (178.6 mmol/kg). 
Corrosion and formate generation are correlated and tend to occur simultaneously in degrading amines. 
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